Electroless nickel-phosphorus (Ni-P) films were produced on the surface of p-type monocrystalline silicon in the alkaline citrate solutions. The influences of bath chemistry and plating variables on the chemical composition, deposition rate, morphology, and thermal stability of electroless Ni-P films on silicon wafers were studied. The as-deposited Ni-P films were almost all medium-and high-P deposits. The concentrations of Ni 2+ and citric ions influenced the deposition rate of the films but did not affect P content in the deposits. With increasing H 2 PO − 2 content, the P content and deposition rate were steadily increased. The pH and plating temperature had a significant effect on the chemical composition and the deposition rate of the films. The thermal stability of the medium-P film was better than that of the high-P deposit. At the same time, the proposed mechanism of Ni-P films on monocrystalline silicon substrates in the alkaline bath solution was discussed and addressed.
Introduction
Electroless process of metal and alloy films makes nanometer-scale structures on silicon (Si) wafers due to its simplicity and ability to fill in fine patterns. The mass production of metallic structures on Si wafer is one of key techniques in micro-and nanoscale device applications [1, 2] , such as single-electron transistors [3, 4] , patterned recording media [5] , highly integrated sensors [6, 7] , ultralarge-scale integration metallization [8] , and ohmic contacts [9] .
Electroless M-phosphorus (M=Ni, Co) deposition is the most important catalytic deposition process, due to its simplicity in operation, low equipment cost, and excellent properties in wear and corrosion. More recent work about M-P nanomaterial could be prepared by electrodeposition [10, 11] and phosphiding the hydrothermally grown precursor [12] [13] [14] [15] , which could be used as electrocatalyst for alkaline oxygen evolution reaction. In comparison with the above two processes, the electroless is an easy, cost-effective, and save-energy method. Electroless Ni-P deposition reaction can occur in an alkaline or acid environment. To study the autocatalytic deposition of Ni accompanied by P incorporation in the film, it is necessary to know the effect of the operating parameters and bath chemistry on the deposition rate and the quality of the deposits, such as the substrate nature [16] , pH [17, 18] , plating temperature [19] , stirring [20] , light [21] , stabilizers [22] , complexing agent [23] , and additives [24] . In order to perform deposition of electroless Ni-P, the substrate surface needs to be preactivated and presensitized. Chen et al. [16] found that the crystallization of amorphous Si thin films was induced by electroless plating Ni. The crystallinity of amorphous Si increased with electroless Ni plating time but dropped when the time reached 10 min. Homma [25] investigated that electroless Ni-P films were deposited onto dielectric substrates and found that the films consisted of fine component crystals with uniform and spherical grains at the initial deposition stage. Xie and Zhang [26] reported the effects of bath chemistry and plating conditions on the structure and amorphous-forming region for electroless Ni-P on copper substrates in the alkaline bath solution at a bath temperature of 90°C and discovered that the deposition rates increased and approached a maximum value and then decreased with the increase in the concentration of Ni 2+ , sodium hypophosphite, and pH value, respectively. However, the deposition rates decreased with the increase in sodium citrate. Rahman and Jayaganthan [18] studied the effect of pH on electroless Ni-P films on the surface of mild steel and concluded that the Ni content increased with increasing pH. Moniruzzaman and Roy [17] reported that electroless Ni-P coating was produced on carbon steel and polypropylene substrates and pointed out that the coating of good appearances was obtained in the pH ranges between 5.5 and 12.5 on carbon steel and between 8.5 and 12 on the polypropylene. Singh et al. [21] investigated the effect of lights on the electroless Ni-P films and found that electroless deposition under the dark was the most suitable for Ni-Cu metallization process. Bulasara et al. [20] researched that the stirring had a profound effect on sodium hypophosphite-based electroless Ni baths, which were characterized with lower conversions and higher plating efficiencies without stirring condition. Jappes et al. [22] studied that the effects of stabilizers and bath temperature on efficiency and crystallinity of the electroless Ni-P on the mild steel. Ashtiani et al. [23] published the effect of different complexing agents, such as sodium citrate, sodium acetate, and lactic acid, on the P content, morphology, structure, and hardness of electroless Ni-P on Ck45 steel and found that Ni-P coating obtained using sodium citrate with the spherical nodular structure and smooth surface showed high microhardness and anticorrosion resistance. Liu et al. [19] studied the effects of pH and bath temperature on electroless Ni-P on Si in an acid plating bat and found that the deposition rate increased as both pH and temperature increased. Zhang et al. [24] studied that the improved quality of Ni film on Si (100) substrates in aqueous alkaline solution can be attributed to the fine and dense nickel particles formed in the initial stage by virtue of the fluorine ion, concentrated Ni 2+ ion, and elevated temperature. Recently, Wu and Jiang [27] published that electroless Ni-P film was deposited on the surface of polycrystalline Si in the alkaline bath solutions at the temperature of 60-80°C and pH of 10.0 and found that the films were composed of the amorphous phase, regardless of bath temperature. However, few publications reported the influences of bath chemistry and plating variables on electroless Ni-P films on Si wafers from alkaline citrate solutions.
In the present work, the Ni-P film was electrolessly produced in an alkaline bath solution on the surface of p-type monocrystalline Si substrates from alkaline citrate solutions. The influences of bath chemistry and plating parameters on the chemical composition, deposition rate, and morphology of Ni-P film were investigated in detail; at the same time, the thermal stability and proposed mechanism of the deposit were studied.
Experimental
The p-type monocrystalline Si wafers were used as the substrates (size: 10 × 10 × 0.2 mm). One surface of Si substrate was etched by reactive ion etching process. Yoo et al. [28] have carefully described this process and pointed out that it could be helpful to effectively improve utilization of absorbed light after reactive ion etching process. Prior to plating, the substrate surface was immersed and etched for 30 s in a diluted HF solution (HF : H 2 O = 1 : 100) at room temperature in a fume hood and then rinsed and washed with deionized water by a plastic squeeze bottle and finally followed by cleaning with acetone in an ultrasonic bath for 5 min. A small deposition cell was used for the deposition of the Ni-P film on Si substrates. The volume of bath solution was 50 mL. The bath chemistry and operation conditions are listed in Table 1 . No additives and stabilizers were used. The plating bath was composed of Ni sulfate as a Ni ion source, sodium hypophosphite as a reducing agent, and sodium citrate as a complexing agent. The bath chemistries were dissolved in deionized water on a magnetic stirring apparatus with a magnetic stir bar. The pH of the solution was measured by a pH meter (PHS-3C) and was adjusted to the desired value by adding 5.0 M sodium hydroxide solution at room temperature. A HH-S thermostatic bath was used to control the bath temperature.
The mass variation of the samples before and after each deposition was measured by an analytical balance (FA2004B, resolution 0.1 mg). The microstructure and morphology of the top surface and fracture surface of the deposits were observed by a scanning electron microscopy (SEM, JSM-6360) operated in a high vacuum mode and electron beam acceleration voltage of 20 kV, equipped with the attached liquid-nitrogen-cooled Oxford Si X-ray energy dispersive spectroscopy (EDS) detector. Each sample was tested at three locations, to confirm uniformity and present representative average values.
Thermal stability of the deposit was measured using thermogravimetric analysis and differential scanning calorimetry (TG-DSC, DSC 404F3 A00 Pegasus) applied from room temperature to 650°C. The high pure nitrogen gas of 20 mL·min −1 was used as the carrying gas. The vacuum of the working environment was 10 −4 Pa. The heating rate was 10 K·min −1 . Figure 1 shows the plots of the P content in the deposit and weight variation of samples 2+ was low, about 15 g·L −1 , the P content was 9 wt%. With the increasing Ni 2+ content, the P content was almost unchanged. However, the weight variation of the sample was slightly increased with the increasing Ni 2+ content from 15 to 30 g·L −1 and then significantly increased with the increase of Ni 2+ content. Therefore, the concentration of Ni 2+ ions has a significant effect on the deposition rate of the film because of the increase of free Ni 2+ in solutions but did not influence P content in the deposits. , respectively. The deposition condition was the same as in Figure 1 . With the increasing H 2 PO − 2 content, the P content and weight variation of sample steadily increased. Abrantes and Correia [23] studied that the concentration of H 2 PO − 2 ion was proportional to deposition rate just in a range. Generally, the very high content of H 2 PO − 2 ions would reduce the deposition rate and produce precipitation that led to the muddy bath, resulting in the unstable electrolytes. Therefore, the complexing agents could prevent precipitation of phosphites and reduce the concentration of free Ni 2+ ions and maintain the electrolyte pH stable. , respectively. The deposition conditions were the same as in Figure 1 . The P content in the film was not changed significantly and was nearly maintained at a constant value of 10 wt%. When the concentration of citric ions was between 10 and 20 g·L −1 , the weight variation decreased and then increased at the concentration of citric ions about 20-30 g·L −1 and at other scope was also decreased. The whole tendency of weight variation was declined. The Ni-citrate complexes could decrease in the deposition rate of Ni-P films. It was indicated that the deposition rate of Ni is proportional to the rate at which the Ni complex dissociates to form free Ni 2+ ion. Thus, the electrolessplating rate is inversely proportional to the stability constant of complexing ion. . As the plating time is increased, the chemical composition of the deposits was almost unchanged. The P content was nearly maintained at a value of 10 wt%. Figure 5 shows the plots of weight variation of sample and the P content in the deposits as a function of electrolyte pH. The bath chemistry was the same as in Figure 4 . The plating time and temperature were 30 min and 70°C, respectively. The change of pH had a significant impact on the chemical composition and the weight variation of the sample. When the pH was low, at 8.0, the deposition rate was close to zero for the 15 min deposition time. The gained weight slightly increased and then decreased. The gained weight reached a maximal value of 1.5 mg at pH = 10.0. However, the P content in the deposits increased with increasing electrolyte pH. Abrantes and Correia [29] studied that an increase of P content with pH was observed in alkaline solutions above pH of 8, accompanied by a decrease in plating rate. Schlesinger [30] observed that raising bath pH affected the deposition rate of the film, and alkaline baths tended to have a higher deposition rate with the concomitant result of decreased stability.
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Concentration of
H 2 PO − 2 Ions.
Concentration of Citric Ions.
Electrolyte pH.
3.2.3. Bath Temperature. Figure 6 shows the plots of weight variation of sample and the P content in the deposits as a function of bath temperature. The bath chemistry was the same as in Figure 4 . The deposition time and bath pH were 30 min and 9.0, respectively. When the bath temperature was about 50°C, the P content in the deposits was 0 wt%. It is indicated that the reduction of Ni could not occur at low plating temperature. With increasing deposition temperature from 60 to 90°C, the P content in the deposits was increased significantly. The gained weight reached a maximal value at T = 80°C. Therefore, the bath temperature could affect the chemical composition and deposition rate , pH = 9.0, T = 70°C). Journal of Nanomaterials of the film. The increase of temperature could result in the increase in the rates of both diffusion and charge transfer. Bath temperature is one of the most important factors affecting the kinetics or rate of the deposition process. However, the bath solution probably contained different complexes; the equilibrium constant could also change with the increase of the temperature.
Film Characterization.
The bath composition and characteristics of representative samples for discussion are listed in Table 2 . Figure 7 shows the SEM images of the top surface of the substrate and films, corresponding to the bath composition for the deposition of the films shown in Table 2 . Figure 7 (a) shows the SEM image of the top surface of the substrate. After reactive ion etching process, the rough surface was composed of pyramid shape structure, which could be helpful to effectively enhance the bonding strength of the film and the substrate. The surface was not dense. Many large particles and small aggregates were formed on the surface. The diameters of the particles are in the range of 0.8 to 3.2 μm. Two or three particles met and coalesced each other to form a compact particle. It can be observed that there are some coalesced lines between the particles. However, there are some visible big gaps between the round shape particles, and other part particles are squeezed against each other to form a compact layer. and 9.0, respectively. The deposit was made of aggregated ultrafine particles and assumed a sponge-like structure. This feature morphology was directly related to the abundant nucleation during the plating process. There are some void spaces inside the clusters of deposits.
Figure 7(d) shows the SEM image of the top surface of sample number 21. The composition of the electrolyte and plating conditions were the same as in Figure 7 (c), except that the pH of the bath was increased to 12.0. The surface was rough. The deposit was composed of the pyramid structure, which could be influenced by the surface morphology of the substrate. A pyramid particle was covered around by many nanosized particles. The valleys between the pyramid particles were also deposited by small "layer-layer" pyramid aggregates with nanoparticles. The electrolyte pH has a significant effect on the morphology, composition, and structure of the Ni-P films. Figure 7 (e) shows the SEM image of the top surface of sample number 23. The composition of the electrolyte and plating conditions were the same as in Figure 7 (b), except that the temperature and pH were 60°C and 9.0, respectively. The surface was relatively dense, but some pores were present on the surface. Furthermore, some irregular-shaped aggregates with small spherical particles were formed on the top surface of the underlayer. In this work, Si substrate was not done by a sensitizing process; the Ni nucleation on the surface of the substrate was limited due to self-activation. The competition between the initial nucleation rate and the film growth rate occurred during electroless deposition. However, the film growth rate is much faster than the initial nucleation rate of the deposits at the low plating temperature and short plating time.
Figure 7(f) shows the SEM image of the top surface of sample number 25. The composition of the electrolyte and plating conditions were the same as in Figure 7 (d), except that bath temperature was increased to 90°C. The deposit was poor; just some large aggregates were formed on the surface of the substrate. However, the substrate was not completely covered by the deposit. At T = 90°C, the vaporization of the electrolyte was accelerated, which led to the degeneration of the electrolyte. On the other hand, the electrolyte became unstable at high plating temperature. Figure 8 shows the SEM images of the top surface of the films deposited with different plating times. After the deposition time of 15 min, the surface was composed of small spherical-shaped particles (Figure 8(a) ). These spherical particles had the same size, about 1 μm. The surface was not dense; the pyramid morphology of the substrate could be found under the film. Within the plating time of 15 min, the initial nucleation of the deposit occurred and the small spherical particles began to meet and coalesce each other to form big aggregates and finally to form the deposit with increasing plating time. At t = 30 min, the surface became relatively dense. However, some micropores were found at the top surface (Figure 8(b) ). Perhaps, there is no formation of the nuclei particles on the region of micropores. After a long plating time, the surface became dense (Figure 8(c) ). There are many large particles squeezed against each other to form a compact layer. Therefore, the plating time of 15 min was not enough to make the nucleation of the film dense. , pH = 9, plating time = 30 min). 5 Journal of Nanomaterials Figure 9 shows the SEM image and line scanning analysis of the EDS of the fracture surface of sample numbers 19 and 14. From Figure 9 (a), the surface of the film was relatively rough. The thickness of the film was about 2 μm ± 0.5. It can be seen that the film was dense. There are some obvious little knots at the interface between the substrate and film, indicating that the structure had a sharp interface and produced alloy deposits free of macrodefects. Furthermore, Journal of Nanomaterials some valleys on the surface of the substrate were not covered by the deposits, which could be from the low nucleation rate of the deposit at the initial stage. Figure 9 (c) displays the plot of the chemical composition of the film. The content of Ni and P in the film was uniform, and the content of Ni was higher than that of P. Figure 9 (b) displays the SEM images of the cross-section of the film (sample number 14). The thickness of the film was about 18 ± 0.1 μm. The film exhibited good adherence to the Si substrate, with no evidence of delamination. Moreover, it can be observed that the boundary between the layer and the substrate is visible. There are many big particles like some nodules infiltrated into Si substrate, which could be helpful to improve the bonding between the deposit and the substrate. The EDS line profile showed that Ni concentration has a sharp peak with a sudden increase at the interface between the deposit and the substrate (Figure 9(d) ), which is assertive evidence to prove that Ni nuclei particles were formed preferentially in the initial nucleation stage.
In the alkaline solutions, the chemical reactions for electroless Ni-P film would be expressed by the following equations, reported by Zhang et al. [31] :
According to (1), (2), (3), and (4), the occurrence of hydrogen evolution was from the water and hydride ions. In this work, the electrolyte pH has an impact on the chemical composition, top morphology, and deposition rate of electroless Ni-P. Abdel Hamid [32] pointed out that the increase in pH value for the alkaline solution resulted in the decrease of the deposition rate due to the consumption of OH − ions according to the following:
The hydrogen evolution (6) was from the combination of two H atoms, at the same time, resulting in the reduction of Ni 2+ ions (7).
However, the metal Ni mainly resulted from the chemical reactions between the Ni ions and the reductant radicals [29, 33] . The electroless deposition of Ni-P alloy is a complex autocatalytic process. The reducing agent, H 2 PO − 2 ions, participates in oxidation and reduction reactions. Hsu et al. [34] 7 Journal of Nanomaterials However, the Si wafers could be oxidized in the alkaline solution at the plating conditions, such as bath temperature. The chemical reaction was as follows:
Hsu et al. [34] found that the galvanic displacement reaction occurred as the Si substrate was immersed in the aqueous alkaline solution. It is a spontaneous reaction, which for Ni deposition can be expressed as follows:
During this spontaneous reaction, the Si substrate surface was oxidized and became a catalytic surface inducing further codeposition of Ni-P film. Therefore, the oxidation and reduction reactions of H 2 PO − 2 ions began to occur, followed by codeposition of Ni-P film. Oskam et al. [35] suggested that three mechanisms of electroless metal deposition on Si wafer (i) holes injected from metal ions (M + ) were consumed by oxidation of the Si, (ii) injected holes were captured by an electron donor in the solution, and (iii) metal ions are catalytically reduced at an existing metal nucleus involving electrons donated by a reducing agent in the solution.
In this study, the P content and weight variation of the sample steadily increased with increasing H 2 PO − 2 content. The reducing agent was added and the nucleated Ni particles were produced, and then Ni-P film was grown rapidly. Coincidentally with Ni reduction, H 2 PO − 2 ions were reduced to elemental P and oxidized to H 2 PO − 3 as the following reaction:
Island growth was evident and remarkable sparse sphere particle nucleation was present. Then, islands grew and then met one another and drove to form a continuous film. Adhesion of the Ni-P film with Si substrate is naturally poor Nuclei are firstly bonded to the substrate surface. In the initial nucleation stage, the nucleation rate of Ni was insufficient, which could cause a weak adhesion between the Ni-P layer and Si substrate [24] . Although the film growth was so fast that the dense surface of the deposit was formed, lack of attachment areas and sites on the Si wafer caused the Ni-P deposits to peel off easily. On the other hand, the adhesion of the deposit may be poor due to the simultaneous dissolution of the Si wafer and deposition of the Ni-P [36] .
3.4. Thermal Stability. Figure 10 shows the DSC curves of the Ni-P films from sample numbers 19 and 14 at the same heating rate of 10 K·min
. The P content for sample numbers 19 and 14 was 9.3 ± 0.3 wt% and 11 ± 0.2 wt%, respectively. Schlesinger [30] reviewed electroless nickel, alloy, composite, and nanocoatings and pointed out low-P deposits (less than 5 wt% P) are crystalline and exhibit good wear resistance but relatively poor corrosion resistance in a chloride environment. Medium-P deposits (6-9 wt% P) have a smaller crystalline size, whereas high-P deposits (more than 10 wt% P) exist mainly as a metallic glass. Therefore, the sample numbers 19 and 14 were medium-and high-P deposits, respectively. An exothermic peak is detected with the crystallization peak temperature located at 339°C for high-P deposit and 341°C for medium-P deposit, respectively. The thermal stability of the medium-P film is better than that of the high-P deposit. The film is a mixture of amorphous and microcrystalline Ni at low-and medium-P deposit, but it is fully amorphous when the P content is high. Sampath and Nair [37] found that the crystallite size decreases with increasing P content in the deposit. Therefore, the crystallinity of the electroless Ni-P film for sample number 19 was higher than that for sample number 14. Sudagar et al. [36] and Cheng et al. [38] also reported the same result and pointed out that formation of microcrystalline phase could improve the thermal stability of electroless Ni-P film. Because the microcrystalline phase with ordered structure is more stable than the amorphous matrix in which the atoms are disordered and these stable microcrystalline phases inhibit the movement of some Ni or P atoms in amorphous matrix, so these disordered atoms need a higher temperature to finish the crystalline process.
Conclusions
In this work, the Ni-P film was electrolessly plated on the surface of p-type monocrystalline Si wafers in the alkaline bath solutions. The influences of bath chemistry and deposition variables on the chemical composition, morphology, deposition rate, and thermal stability of the Ni-P deposits were investigated in detail. The following results have been shown:
(1) The concentration of Ni 2+ ions has an effect on the deposition rate of the film because of the increase of free Ni 2+ in solutions but did not influence P content in the deposits. With the increasing H 2 PO − 2 content, the P content and deposition rate steadily increased. With the increasing citric acid content, the P content in the film kept stable at a value of 10 wt%. However, the change tendency of weight variation was declined. The Ni-citrate complexes resulted in the decrease in the rate of the film deposition. The pH and temperature were 9.0 and 70°C, respectively. The deposition rate of the deposit was 1.327 mg·min −1 . As the plating time increased, the P content had little or no change.
(3) The pH and temperature had an impact on the chemical composition and the deposition rate of the films. When the pH was low, at 8.0, the deposition rate was close to zero. The gained weight slightly increased and then decreased with increasing pH. The gained mass reached a maximal value of 1.5 mg at pH = 10.0. The P content increased with increase in pH. As the temperature was about 50°C, the reduction of Ni could not occur. With increasing temperature from 60 to 90°C, the P content increased significantly. The deposition rate was greatly changed and the gained mass reached a maximal value at the temperature of 80°C.
(4) The film growth rate is much faster than the initial nucleation rate of the deposits. Island growth was evident, and remarkable sparse sphere particle nucleation was present. The concentration of H 2 PO − 2 , pH, temperature, and plating time had a significant influence the surface morphologies of the deposits. With increasing plating time, the surface morphology with small spherical-shaped particles was changed to the dense surface. 9 Journal of Nanomaterials (5) The thermal stability of the medium-P film was better than that of the high-P deposit. An exothermic peak is detected with the crystallization peak temperature located at 339°C for high-P deposit and 341°C for medium-P deposit, respectively.
Data Availability
The data used to support the findings of this study are available from the corresponding author upon request.
Conflicts of Interest
The authors declare that they have no conflicts of interest.
